The processes taking place on the friction surface of high-alloyed aluminum alloys working with steel whilst replacing bronze journal bearings with aluminum are investigated. In this regard, eight experimental aluminum alloys with an Sn content from 5.4% to 11.0%, which also included Pb, Zn, Si, Mg, and Cu, were cast. The surface and subsurface layer of experimental aluminum bearings were studied before and after tribological tests with a 38HN3MA steel counterbody by scanning electron microscopy including energy-dispersive analysis. The best aluminum alloy, which had an Sn content of 5.8% after the friction tests, showed 6.5-times better wear resistance and steel counterbody wear rate than the bronze reference. Both structural and compositional changes in the surface layer were observed. It was revealed that secondary structures formed on the surface during the friction process and included all of the chemical elements in the tribosystem, which is a consequence of its self-organization. Generally, the secondary structures are thin metal-polymer films generated as a result of the high carbon and oxygen content. The interaction behavior of some of the chemical elements in the tribosystem is shown and discussed. In addition, the influence that Sn, Pb, Cu, and C content in the secondary structures has on the tribological properties of low-tin and medium-tin alloys is shown.
Introduction
Today, most cast monometallic journal bearings are made of antifriction bronzes of various grades. In railway transport, the most common of these is BrO4Z4S17 bronze (the closest equivalent being C83800 brass according to American Society for Testing and Materials standards ASTM B271, B505, B584) due to its mechanical and tribological properties, one and a half thousand tons of which is consumed each year. The task of increasing the economic efficiency of the production and operation of bearings always remains relevant, given the relatively high cost of copper, the main component of bronze. In this paper, the problem of replacing monometallic bronze journal bearings with bearings based on aluminum alloys is solved [1] [2] [3] [4] [5] [6] [7] [8] . The transition from bronze to aluminum alloys is economically advantageous; aluminum is three times lighter than copper, and one kilogram of aluminum alloy is 2.5-2.7-times cheaper than bronze. Aluminum alloys are more fusible, experimental compositions and the comparison of experimental data with equivalent studies. However, during the running-in process, secondary structures are formed which become the friction surface, determining the tribological properties of the alloy, and by studying the ways and common factors of their formation will help in the creation of alloys with better performance properties.
There is an approach in which the selection of optimal sliding bearings is based on the principle of least wear by introducing solid inclusions: carbides, oxides, and nitrides [23, 24] . The disadvantage of this approach is the complete disregard for the wear intensification of the counterbody, which is usually the expensive steel shaft.
The aim of this project was to study the friction surface of experimental aluminum journal bearings in order to reveal the beneficial secondary structures which occur. In addition, it was necessary to study their composition and correlate it with the tribological properties of the alloys. Finally, the mechanisms of forming secondary structures were studied. The scientific data obtained within the project will contribute to the development of new and improved alloys, focusing on the specific tribological properties.
Materials and Methods
Eight experimental cast aluminum alloys were used in the study. The composition of each alloy included tin, lead, copper, silicon, magnesium, and zinc. The strength tests were carried out in accordance with Russian State Standard GOST 1497-84 on cylindrical samples with an estimated length of 30 mm and a diameter of 6 mm on an electromechanical test machine "Instron" (USA). Tribological tests were carried out in boundary friction conditions using a friction machine "SMC-2" with a loading device of up to 3000 N. The tests were performed on the rotating steel roller-fixed shoe of antifriction alloy (Figure 1 ). Generally, six tribological parameters for each sample were measured: score-resistance, conformability, alloy wear, steel counterbody wear, friction coefficient, and temperature. The samples were tested for 40 h coupled with a 38HN3MA counterbody with a permanent loading of 617 N and a lubricant supply rate of 0.2 g/min. M14V2 oil was used as lubricant. After the friction tests, the aluminum samples were exposed to multistage cleaning to remove lubricant residues. They were washed with warm water, degreased with carbon tetrachloride, kerosene, and acetone, and then washed again with cold water. The composition control of each alloy after casting was performed by emission spectrometer Spectrolab-S (Spectro Analytical Instruments GmbH, Kleve, Germany). The study of the initial state, friction surfaces, and secondary structures of the experimental alloys was performed on a Scanning Electron Microscope (SEM) "Tescan Vega 3" (Tescan a.s., Brno, Czech Republic) equipped with an Oxford Instruments (Abingdon, UK) energy-dispersive analysis (EDX) module with accuracy of up to hundredths of a percent. Before being placed in the microscope, the friction surfaces of the samples were rubbed with alcohol and dried, the cross-sections were further polished to remove the oxide film. All samples were examined at three magnifications: 100, 500, and 5000× using secondary and back-scattered electron detectors. For each of the specimens studied, EDX was used to compile maps of the chemical element distributions, the distribution of elements along the line, and the elemental composition in a local area of 1 µm 2 . 
Results and Discussion
In this study, eight experimental alloys with different contents of alloying components were cast (Table 1) . The lowest alloy weight wear and steel weight wear were determined to be the optimum criteria. Economically, it is wiser to use an alloy that wears the steel counterbody out slowly, whilst also wearing itself out slowly. According to the results of the tribological tests, the low-tin alloy No. 7 AO-5.8 with a tin content of 5.8% appeared to meet the criteria. The friction surface of the alloy after 40 hours of run-in had significantly changed in both structure (Figure 2a,b) and in the qualitative elemental composition ( Table 2 ). The results of these changes were the formation of secondary structures on the friction surface of the alloy. The formation of such secondary structures is a complex process of self-organization of the friction couple, in which all the objects of the tribosystem are involved: the bearing, the counterbody, and the lubricant. In this case, the data given in Table 1 are the average values over a visible area of 0.553 × 0.553 mm. However, the process of friction at the micro level can be represented as the friction of a number of separate local areas, different in mechanical and chemical properties. Thus, various conditions are locally provided for the formation of secondary structures, and as a result, their composition can differ significantly from one structural zone to another. Firstly, complex multicomponent alloying allows for an increase in the strength of the aluminum matrix, making it possible to use in monometallic bearing production. Secondly, the introduction of such elements as 
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Tin is capable of spreading over a considerable area during friction as a result of its ductility and fusibility, thus contributing to the mass transfer of other elements such as lead, which forms a low-melting eutectic with tin, and zinc, which increases the strength of this eutectic and its tribological properties [26, 27] . This process, in turn, increases the localization of the formation of thin lead films capable of actively interacting with fatty acids and non-metals in the composition of lubricants to form lead soaps, which act like solid lubricant.
Copper, which is introduced into the alloy to increase its strength, forms a solid solution with aluminum, and is also present in the alloy as solid intermetallic inclusions of CuAl2 [28] . During the run-in process, such inclusions, as well as silicon ones, wear out more slowly than the aluminum matrix, realizing the Charpy principle on the surface and forming a beneficial oil-retaining microrelief, which also contributes to the formation of secondary structures. This makes it possible to increase the resistance score as a result of the reduction in the adhesion foci with steel, while at the The distribution maps of elements (Figure 2c,d ) on the friction surface of the alloy demonstrate that the formation of secondary structures in a number of cases is not accidental. In all samples of the experimental alloys, a match was found between the pairs of lead and sulfur elements, tin and calcium. In both cases, the alloy component reacted with the element from the lubricant, forming more stable compounds. Thus, the lubricant is able to decompose into components during the operation period, some of which react with the alloy elements, the other parts with the steel elements. These same processes explain the six-fold increase in the amount of carbon on the friction surface and the five-fold increase in oxygen. As a consequence, the secondary structures on the friction surface are metal-polymer films of different compositions [10, 25] .
Copper, which is introduced into the alloy to increase its strength, forms a solid solution with aluminum, and is also present in the alloy as solid intermetallic inclusions of CuAl 2 [28] . During the run-in process, such inclusions, as well as silicon ones, wear out more slowly than the aluminum matrix, realizing the Charpy principle on the surface and forming a beneficial oil-retaining microrelief, which also contributes to the formation of secondary structures. This makes it possible to increase the resistance score as a result of the reduction in the adhesion foci with steel, while at the same time its wear is increased because of the greater intensity of the transfer of iron-containing particles to the surface. This explains the increased iron content on the friction surface of the alloy.
In the subsurface layer of the alloy, the changes occur at a depth of up to 50 µm. In Figure 3a , the area of the aluminum matrix is seen with an outlet of tin inclusion at the surface. According to the geometry of the cavity containing it, this outlet was caused by plastic deformation of the surface layer and a physical decrease in the volume of the cavity, thus leaving only one possible direction for the output of the inclusion. However, it has been revealed that the components of a partially decomposed lubricant are not only able to form compounds on the friction surface, but are also able to penetrate by diffusion deep into the alloy (Figure 3b-d) . Figure 3a , the area of the aluminum matrix is seen with an outlet of tin inclusion at the surface. According to the geometry of the cavity containing it, this outlet was caused by plastic deformation of the surface layer and a physical decrease in the volume of the cavity, thus leaving only one possible direction for the output of the inclusion. However, it has been revealed that the components of a partially decomposed lubricant are not only able to form compounds on the friction surface, but are also able to penetrate by diffusion deep into the alloy (Figure 3 b,c,d) . First of all, this is true for tin, calcium, and potassium, as well as for a lead-sulfur pair. To determine the relative changes in the elements of the bearing material versus the depth of penetration, an energy-dispersive analysis was performed (Figure 4) . The curve distribution character changes depending on the local area being analyzed (Figure 4 b,c) . In the area without inclusions, aluminum, the main component of the matrix, gradually wears out during the friction process (Fig. 3b) . The aluminum-depleted layer is about 5-7 micrometers thick. The same character of the distribution curves has the majority of alloying components, for example, zinc (Figure 4b ). However, it is obvious that the surface content is higher relative to the matrix in which it is predominantly dissolved than it was in the initial state. The content of copper in the subsurface layer increases sharply. This is probably due to the difference in the wear rate of the softer aluminum matrix and copper inclusions: aluminum wears out at a faster rate, increasing the proportion of copper in the total composition of the subsurface layer. A small increase in content, accompanied by a small preliminary decrease, is shown by tin, and as a consequence, its satellites, calcium and potassium. If there were only an increase in the concentration of tin, it would enable it to be deposited from other sites through the "smearing" effect onto the surface. However, the presence of a depleted region on the graph allows us to infer the forced transfer ("pumping") of this element from the subsurface layer to the friction surface. To determine the relative changes in the elements of the bearing material versus the depth of penetration, an energy-dispersive analysis was performed (Figure 4) . The curve distribution character changes depending on the local area being analyzed (Figure 4b,c) . In the area without inclusions, aluminum, the main component of the matrix, gradually wears out during the friction process (Figure 3b) . The aluminum-depleted layer is about 5-7 micrometers thick. The same character of the distribution curves has the majority of alloying components, for example, zinc (Figure 4b ). However, it is obvious that the surface content is higher relative to the matrix in which it is predominantly dissolved than it was in the initial state. The content of copper in the subsurface layer increases sharply. This is probably due to the difference in the wear rate of the softer aluminum matrix and copper inclusions: aluminum wears out at a faster rate, increasing the proportion of copper in the total composition of the subsurface layer. A small increase in content, accompanied by a small preliminary decrease, is shown by tin, and as a consequence, its satellites, calcium and potassium. If there were only an increase in the concentration of tin, it would enable it to be deposited from other sites through the "smearing" effect onto the surface. However, the presence of a depleted region on the graph allows us to infer the forced transfer ("pumping") of this element from the subsurface layer to the friction surface.
Lubricants 2018, 6, x 6 of 12 same time its wear is increased because of the greater intensity of the transfer of iron-containing particles to the surface. This explains the increased iron content on the friction surface of the alloy. In the subsurface layer of the alloy, the changes occur at a depth of up to 50 μm. In Figure 3a , the area of the aluminum matrix is seen with an outlet of tin inclusion at the surface. According to the geometry of the cavity containing it, this outlet was caused by plastic deformation of the surface layer and a physical decrease in the volume of the cavity, thus leaving only one possible direction for the output of the inclusion. However, it has been revealed that the components of a partially decomposed lubricant are not only able to form compounds on the friction surface, but are also able to penetrate by diffusion deep into the alloy (Figure 3 b,c,d) . First of all, this is true for tin, calcium, and potassium, as well as for a lead-sulfur pair. To determine the relative changes in the elements of the bearing material versus the depth of penetration, an energy-dispersive analysis was performed (Figure 4) . The curve distribution character changes depending on the local area being analyzed (Figure 4 b,c) . In the area without inclusions, aluminum, the main component of the matrix, gradually wears out during the friction process (Fig. 3b) . The aluminum-depleted layer is about 5-7 micrometers thick. The same character of the distribution curves has the majority of alloying components, for example, zinc (Figure 4b ). However, it is obvious that the surface content is higher relative to the matrix in which it is predominantly dissolved than it was in the initial state. The content of copper in the subsurface layer increases sharply. This is probably due to the difference in the wear rate of the softer aluminum matrix and copper inclusions: aluminum wears out at a faster rate, increasing the proportion of copper in the total composition of the subsurface layer. A small increase in content, accompanied by a small preliminary decrease, is shown by tin, and as a consequence, its satellites, calcium and potassium. If there were only an increase in the concentration of tin, it would enable it to be deposited from other sites through the "smearing" effect onto the surface. However, the presence of a depleted region on the graph allows us to infer the forced transfer ("pumping") of this element from the subsurface layer to the friction surface. Tin, in the form of inclusions on the line being analyzed, was absent, but there were areas enriched by this element at the boundary of the aluminum matrix and copper inclusion, and also in the region where this inclusion enters the friction surface. Thus, the increased content of copper-based solid sections was accompanied by a more intense formation of secondary structures containing tin. Solid inclusions can increase the hardness of the alloy due to their mechanical properties, while in the process of friction, they also act as abrasive particles which increase the wear of the steel counterbody and increase the coefficient of friction. The tribosystem, in the process of self-organization, minimizes these negative aspects of friction by forming secondary structures that include tin alloy and lubricant components e.g., a polymer base, calcium, potassium. The thickness of such a film is 1 µm or less, so that electrons from the scanning microscope reaching the formations under the secondary structures allow the base signal to be recorded.
The formation of secondary structures is not always associated with the occurrence of tribochemical reactions during the friction process. Another mechanism for their formation is the mass transfer of steel-containing particles from a steel counterbody onto the surface of an aluminum alloy. The components of a solid lubricant, which are significantly distributed over the surface of the bearing, are not, however, able to completely eliminate the local foci of the friction bodies. If the grip area is small, then the fragment is detached from the object, and a mechanical run-in is realized. Such fragments can, for a while, appear as free abrasive particles, while they fall into the soft inclusions ("traps") on the surface of the alloy ( Figure 5 ). The larger the contact area, the less rough the steel surface becomes as a result of the detachment of the protrusions on the steel and their transfer to the mating surface. Thus, the higher the initial roughness, the more intensive the mass transfer of the steel. Tin, in the form of inclusions on the line being analyzed, was absent, but there were areas enriched by this element at the boundary of the aluminum matrix and copper inclusion, and also in the region where this inclusion enters the friction surface. Thus, the increased content of copper-based solid sections was accompanied by a more intense formation of secondary structures containing tin. Solid inclusions can increase the hardness of the alloy due to their mechanical properties, while in the process of friction, they also act as abrasive particles which increase the wear of the steel counterbody and increase the coefficient of friction. The tribosystem, in the process of self-organization, minimizes these negative aspects of friction by forming secondary structures that include tin alloy and lubricant components e.g., a polymer base, calcium, potassium. The thickness of such a film is 1 μm or less, so that electrons from the scanning microscope reaching the formations under the secondary structures allow the base signal to be recorded.
The formation of secondary structures is not always associated with the occurrence of tribochemical reactions during the friction process. Another mechanism for their formation is the mass transfer of steel-containing particles from a steel counterbody onto the surface of an aluminum alloy. The components of a solid lubricant, which are significantly distributed over the surface of the bearing, are not, however, able to completely eliminate the local foci of the friction bodies. If the grip area is small, then the fragment is detached from the object, and a mechanical run-in is realized. Such fragments can, for a while, appear as free abrasive particles, while they fall into the soft inclusions ("traps") on the surface of the alloy ( Figure 5 ). The larger the contact area, the less rough the steel surface becomes as a result of the detachment of the protrusions on the steel and their transfer to the mating surface. Thus, the higher the initial roughness, the more intensive the mass transfer of the steel. The element composition of both the steel inclusion and tin outlet significantly differed from the initial state (Table 3 ). Despite the fact that all the specimens were cleaned with a tetrachloromethane cleaning agent to remove any unstable lubricant waste after the friction process, an increase in the content of both carbon and oxygen was observed everywhere on the friction surface (Tables 2, 3 ). Thus, a polymer film must have formed during the friction process. Consequently, the majority of secondary structures were thin polymer films saturated with elements from each object of the tribosystem. The positive influence of polymer films on friction was observed before in Ref. [29] [30] [31] . The element composition of both the steel inclusion and tin outlet significantly differed from the initial state (Table 3 ). Despite the fact that all the specimens were cleaned with a tetrachloromethane cleaning agent to remove any unstable lubricant waste after the friction process, an increase in the content of both carbon and oxygen was observed everywhere on the friction surface (Tables 2 and 3) . Thus, a polymer film must have formed during the friction process. Consequently, the majority of secondary structures were thin polymer films saturated with elements from each object of the tribosystem. The positive influence of polymer films on friction was observed before in Ref. [29] [30] [31] . Mean values of alloying components for 38HN3MA steel according to GOST 4543-71. In addition, molybdenum 0.2-0.3%, and copper up to 0.3% were found. Sulfur and phosphorus impurities were less than 0.025%.
The composition of the steel inclusion corresponds to that of the initial state except for the presence of carbon, oxygen, and fluorine (Table 3) . Taking into account the fact that the steel samples were prepared the same way, it can be concluded that polymer films as secondary structures were formed on steel surface as well. Furthermore, fluorine was only found on the steel inclusions, which reflects the fact that the secondary structures on steel were of a different type and their composition depended on the base material.
The self-organization process of aluminum alloy is considered to reduce the wear rate of a bearing. However, most engineers and researchers prefer the friction coefficient as the integral parameter to describe a bearing's behavior. Since the alloys being studied were experimental, the influence of each component on the tribological properties, such as alloy wear and the friction coefficient, was determined within the research ( Figure 6 ). All eight experimental alloys were divided into two groups: the first one contained medium-tin alloys with an Sn content of ≥7.6%; the second contained low-tin alloys with an Sn content of <7.6%. However, there is no strict rule on the tin content of medium-tin and low-tin aluminum alloys. The threshold makes it possible to obtain the most visible and ordered dependencies to help understand the contribution of each element. Otherwise, dependencies are not clearly observed.
An increase in tin content in the secondary structures of aluminum alloys caused a slight increase in the friction coefficient of the medium-tin alloys and a more pronounced decrease for the low-tin alloys. (Figure 6a,b) . Contrary to expectations, the wear of the alloy does not correlate with the coefficient of friction and has the opposite tendency: a decrease of up to five times for medium-tin alloys and an increase of two times for low-tin alloys. It should be noted that the dependence of the wear of the alloy on the content of tin can be accurately described by linear equations. Probably, for alloys of the first group, tin performed the direct function of "solid lubrication", reducing the wear of the alloy. In the second case, an excess of tin on the surface was the possible reason for its functions, as a result of which the soft and ductile metal was gradually worn out. A slight slope of the straight trend line indicates that this excess is insignificant.
Lead is another soft component of the "solid lubricant". It has similar tendencies as regards an increase in the content for the medium-tin alloys, but the reverse character for low-tin alloys (Figure 6c,d ). In the case of the first group of alloys, the mechanism described for the influence of tin seems to also explain the mechanism at work here.
Copper formed an intermetallic compound (CuAl 2 ) with aluminum and was present in the alloy in the form of hard inclusions. The dependence of the friction coefficient on the copper content for the alloys of the first group can be described by a polynomial of the second degree and has a pronounced minimum of 4.5% Cu (Figure 6e,f) . Copper and copper-based inclusions make the alloy stronger and harder, thus reducing its wear. This explains the almost rectilinear decrease in the wear parameters of the alloy by a factor of five with the increasing of the copper content. The coefficient of friction of the low-tin alloys decreased with the increasing copper content in the secondary structures, and therefore, the wear of the alloy increased. Copper formed an intermetallic compound (CuAl2) with aluminum and was present in the alloy in the form of hard inclusions. The dependence of the friction coefficient on the copper content for the alloys of the first group can be described by a polynomial of the second degree and has a pronounced minimum of 4.5% Cu (Figure 6 e,f). Copper and copper-based inclusions make the alloy stronger and harder, thus reducing its wear. This explains the almost rectilinear decrease in the wear parameters of the alloy by a factor of five with the increasing of the copper content. The coefficient of For the three described elements in the low-tin alloys, attention is drawn to the fact that the wear curve of the alloy is a mirror image of the friction coefficient curve. Moreover, for lead, an increase in the friction coefficient was accompanied by a decrease in wear of the alloy. The increase in the friction coefficient can occur as a result of, for example, an increasing number of seizure areas on the coupled bodies. The theory of self-organization describes this process from the point of view of entropy production; the higher it is, the higher the wear [32] . The system self-organizes to maintain efficiency, in particular, by the onset of tribochemical reactions that can occur with a negative entropy production. A lack of resources for self-organization, or an excessive critical load, lead to the most severe wear of the friction body (the pre-score condition), followed by a score, whereby the friction body cannot completely wear out.
Carbon is the component of the lubricant which was found in every area on the friction surface. For medium-tin alloys there was an almost direct relationship between the friction coefficient and the wear of the alloy (Figure 6g,h) . It can be considered that for medium-tin alloys, carbon is not that valuable in terms of reducing the wear rate, as the content of Sn and Pb is enough to perform the function. In the case of low-tin alloys, carbon is necessary to form beneficial metal-polymer films, thus decreasing the wear while the friction coefficient is slowly growing.
Conclusions
Eight experimental aluminum alloys of tribological application with a tin content of 5.4% to 11.0%, which also contained Pb, Mg, Zn, Si, and Cu, were cast. After friction tests, the AO-5.8 (Sn-5.8%) alloy showed the best wear rate, exceeding the reference bronze by 5-6 times. By means of electron microscopy and energy dispersive analysis, different areas of the friction surface were investigated. It was shown that different types of secondary structures were formed. The mechanisms involved in their formation are as follows:
• During the running-in process, the friction surface undergoes not only structural changes, but also component composition changes through the formation of profitable secondary structures. In the formation of these structures, all the objects of the tribosystem are involved to various degrees, and the secondary structures themselves differ in composition in different areas of the alloy surface. Thus, the manufactured bearing is a "workpiece", the final processing of which is carried out at the stage of running-in. In this stage, the friction surface is modified as a result of tribochemical reactions within the self-organization process. The mechanical running-in process also involves steel protrusions transferring onto the alloy causing a decrease in the roughness of the counterbody.
The self-organization processes affect medium-tin and low-tin alloys in differing ways. Furthermore, each component affects the tribological properties of the alloy differently, and can be adjusted in order to obtain the alloy with the highest conformability and the lowest rate of wear. The variety of alloying components determines the degree of freedom the tribosystem has for the formation of secondary structures.
